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Noncovalent Interactions between Dopamine and Regular

and Defective Graphene

Ana C. Rossi Fernandez and Norberto J. Castellani*™

The role of noncovalent interactions in the adsorption of bio-
logical molecules on graphene is a subject of fundamental in-
terest regarding the use of graphene as a material for sensing
and drug delivery. The adsorption of dopamine on regular gra-
phene and graphene with monovacancies (GV) is theoretically
studied within the framework of density functional theory. Sev-
eral adsorption modes are considered, and notably those in
which the dopamine molecule is oriented parallel or quasi-par-
allel to the surface are the more stable. The adsorption of dop-

1. Introduction

One of the main objectives of nanotechnology is to achieve
the transduction of information at the molecular level by
means of electronic devices of nanoscopic size. This objective
is well exemplified by the interest of researchers in detecting
molecules at very low concentrations. Recently, this has been
addressed by using carbonaceous systems with conjugated sp?
C—C bonds™ in the form of one-dimensional arrays such as
carbon nanotubes (CNTs) and two-dimensional arrays such as
graphene. In contrast, graphene shows impressive electron-
transport properties as a semi-metallic material and an ex-
tremely high surface-to-volume ratio, making it suitable in ap-
plications as a sensor of molecules. The interaction of electron-
donor and electron-acceptor molecules with graphene is the
basis for modifying the electronic properties of this material.
The measurement of resistivity variations due to changes in
the type and density of charge carriers in graphene under
direct current fields allowed the ultimate single-molecule sensi-
tivity for CO, H,0, NO, and NH; to be attained.” The ability to
fine tune the electrical conductivity by in graphene field-effect
transistor (FET) devices make them extremely sensitive sensors
of biological molecules. In the so-called Bio-FET, the charge
transfer from an adsorbed molecule to the gate causes a shift
in the Dirac point and consequently a change in the measured
resistance, thus modifying the transconductance of the gate.”
Recently, the fluorescence-quenching properties of graphene
have been used in the selective detection of biomolecules. It
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amine on graphene implies an attractive interaction of a disper-
sive nature that competes with Pauli repulsion between the
occupied m orbitals of the dopamine ring and the & orbitals of
graphene. If dopamine adsorbs at the monovacancy in the A-
B stacking mode, a hydrogen bond is produced between one
of the dopamine hydroxy groups and one carbon atom
around the vacancy. The electronic charge redistribution due
to adsorption is consistent with an electronic drift from the
graphene or GV surface to the dopamine molecule.

was observed that the intermolecular p-orbital overlaps be-
tween graphene and fluorescent molecules of aromatic struc-
ture is associated with a photon-induced electron transfer pro-
cess that leads to fluorescence quenching.” Moreover, gra-
phene oxide was found to strongly interact with amino acids
such as tryptophan and tyrosine, peptides and proteins, giving
rise to fluorescence quenching.” In another approach to sens-
ing analytes, graphene has been used as an electrode material
in electrochemical sensors. It is known that the electron-trans-
fer rates for metal cations at a graphene electrode are several
orders of magnitude higher than those at glassy carbon elec-
trodes.”” Graphene showed excellent performance in the direct
electrochemistry of enzymes, the electrochemical detection of
small biomolecules, and electroanalysis.”®

The transduction and recognition of an analyte molecule
can be accomplished by its direct adsorption on graphene or
by the functionalization of a graphene surface by attachment
of appropriate biorecognition elements such as antibodies,
DNA, or peptides. In both cases, the anchoring of the analyte
molecule or the molecular probe to graphene can be covalent
or noncovalent. Whereas covalent linking of the graphene nec-
essarily disrupts its sp® structure, thereby altering its electronic
properties, noncovalent linking does not present this disad-
vantage. In any case, the analyte molecule or the biomolecular
probe must be stably bonded to the gate during measure-
ments, a requirement that is satisfied by adsorbing aromatic
molecules or polypeptides which can align with the graphene
lattice.”” A way to improve the anchoring of a chemical species
to graphene is by the production of defects in the graphene
lattice, such as substitutional atoms or carbon monovacancies.
Recently, it was theoretically shown that the adsorption of mol-
ecules such as CO, NO, NO, or NH; on graphene containing
monovacancies is a much more reactive process than the ad-
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sorption graphene substitutionally doped with B, N, or P
atoms.®

The biological molecule dopamine (DA) is an important neu-
rotransmitter that plays a significant role in the function of the
mammalian central nervous, renal and hormonal systems."”
Low or high levels of DA are related to serious human neural
diseases, such as Parkinson’s disease and schizophrenia, re-
spectively." The detection of DA performed using voltammet-
ric techniques with graphene electrodes has been a subject of
increasing interest, taking into account that DA is an electro-
chemically active compound through the oxidation of DA phe-
nolic hydroxy groups to give o-dopamine-quinone."*™ A high
level of sensitivity was obtained using so-called solution-gated
graphene transistors, whereby the graphene channel is in con-
tact with an electrolyte instead of the gate insulator." The de-
tection of DA was reported also"® using a fluorescence tech-
nique and a fluorescein isothiocyanate conjugate of graphene
oxide as a novel supporting matrix for DA.

The noncovalent interaction between aromatic molecules
and graphene can be attributed, by making an analogy to
arene systems and other complexes having phenyl rings, to
the presence of so-called m-m stacking. In this type of interac-
tion, which has been recognized as a key stabilizing force in
supramolecular chemistry, crystal engineering and molecular
biology, the species involved arrange in a parallel manner. In
ni—7t stacking, the m orbitals do not behave as in conventional
overlap-driven covalent bonding. Instead, a careful account of
nonlocal electron correlation effects must be performed."” Re-
cently, m-m stacking has been identified as the interaction gov-
erning the adsorption of nucleobases on graphitic systems
such as CNTs"® and graphene.'”? The study of m-m stacking
in adsorbate-graphene systems is also relevant for the use of
graphene as a drug-delivery agent because the attachment of
aromatic drug molecules to graphene is mainly through this
type of noncovalent interaction.”"?? In fact, in the interaction
of aromatic hydrocarbons, aromatic amino acids and nucleo-
bases with CNTs and graphene, another competing mode
exists, in which the molecule adopts a perpendicular orienta-
tion with respect to the carbonaceous surface, which has been
attributed to the presence of the so-called CH--wt interaction.”*
This weak attraction between a C—H bond and a 7 system is
a unique type of noncovalent interaction in which the m elec-
trons can be viewed as the proton acceptor and play a signifi-
cant role in aromatic m networks in proteins.”” The other
weak, but not negligible, interactions are NH--m interactions,
which have been identified to exist between the amino groups
of nucleobases and graphene.”” Moreover, if substituted deriv-
atives of benzene are adsorbed on graphene, other interac-
tions compete with the m-mt stacking, giving rise to nonplanar
structures. The aromatic ring of benzoic and isophthalic acids
show significant tilting with respect the graphene surface, with
the carboxyl groups oriented to the graphene.”® By contrast,
L-leucine, a non-aromatic molecule, adopts a quasi-parallel
geometrical configuration if it is adsorbed on graphene, maxi-
mizing the pairwise van der Waals attractions with the C atoms
of graphene.’”” We note that this type of system shows a rich
variety of interactions that make the analysis more complex in
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comparison with the adsorption of smaller molecules with
CNTs and graphene.

The theoretical study of the adsorption of biological mole-
cules on carbon nanosystems based on graphene sheets and
graphene nanoribbons is a field of considerable interest be-
cause a great number of questions exist in experimental re-
search regarding the detection of these molecules. Further-
more, determining the nature of the binding of these mole-
cules is of fundamental importance considering the multiple
contributions to their stabilization on carbonaceous surfaces.
Taking this into account in the present work, the adsorption of
a DA molecule on the surface of perfect graphene (DA-G
system) was studied within the framework of density function-
al theory (DFT). To that end, several different geometrical con-
figurations for adsorbed DA were considered. Moreover, the re-
activity of defective graphene having carbon monovacancies
(DA-GV system) was investigated and compared to that of the
regular surface. Two theoretical approaches including disper-
sive forces allowed us to formulate a realistic description of
these systems and to reveal the role of noncovalent interac-
tions. The st interaction was carefully examined in terms of
the electronic structure and the NCI. The formation of a hydro-
gen bond in the AB-stacked mode for DA-GV might be related
to the coupling between the HOMO of DA and a GV vacancy
state. Other properties such as the surface reconstruction and
the electron charge transfer between adsorbate and substrate
were also analyzed.

2. Results and Discussion
2.1. The DA-G System

In order to study the adsorption of DA molecules on perfect
graphene, six configurations were considered, which are
shown in Figures 1a-f. In the AB stack (S-ab) and AA stack (S-
aa) configurations the DA molecule is parallel to the graphene
sheet, with the ethylamine group oriented toward the vacuum.
In the case of the S-ab configuration, the ring of the DA mole-
cule is centered over a carbon atom of a graphene ring below,
as with AB stacking according to Bernal's nomenclature for
graphene bilayers, whereas for the S-aa configuration, the AA
stacking was considered.” In the down (D) configuration, the
DA molecule is also parallel to the graphene sheet but with
the ethylamine group oriented toward the surface of gra-
phene; for this structure, AA stacking was considered. In the
lateral (L) configuration, the ring plane of DA molecule is ar-
ranged perpendicularly to the graphene plane, whereas the
axis passing through the hydroxy group of the DA ring and
the ethylamine group in the para-position of this same ring is
arranged in parallel to the graphene plane. However, in per-
pendicular configurations, this axis is oriented perpendicularly
to the graphene plane. There are two perpendicular orienta-
tions, perpendicular ethylamine (P-ea) and perpendicular OH
(P-oh). In the former case, the ethylamine group is oriented
toward the surface of graphene, whereas in the P-oh structure,
the hydroxy group has this orientation.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

KR These are not the final page numbers!


http://www.chemphyschem.org

.'(V;* ChemPubSoc
et Europe
a)

b)
hene g i;hene
c) E g ;;hene

~(CHy):NH,

CHEMPHYSCHEM
Articles

d)

-(CH,),NH,

T
e

Figure 1. Geometrical configurations for a) S-ab, b) S-aa, ¢) D, d) L, e) P-ea and f) P-oh modes of DA adsorption on graphene.

3184 | 2784

Figure 2. Optimized geometry for the DA-G system in the S-ab mode (DFT-D2 results). Lateral, top and perspective views. Graphene carbon atoms: green;
DA carbon atoms: brown balls; oxygen: red; nitrogen: light blue; hydrogen: small white.

After the optimization of S-ab site was performed according
to the DFT-D2 method, the DA molecule adopted a geometric
configuration (Figure 2). The other sites are also depicted in
Figures S1-S5 in the Supporting Information. The values of ad-
sorption energy, calculated with both DFT-D2 and vdW-DF2
methods, are shown in Table 1, and those of the geometric pa-
rameters are summarized in Tables 2 and 3. As a reference, the
interatomic distances calculated with the DFT-D2 method for
the free DA molecule are indicated in Figure 3. In general, the
S-ab and S-aa configurations remain almost parallel to the sur-
face, whereas the P-ea and P-oh configurations are approxi-
mately perpendicular. In the D site, the plane of the DA mole-
cule forms an angle of 13.98° with respect to the surface of
graphene. Furthermore, in the L site, the axis passing through
the ring groups in the para-position forms an angle of 20.95°
with respect to the surface.

Firstly focusing on results calculated with DFT-D2, from
Table 1 we can observe that S-ab, S-aa, and D sites are the

Table 1. Adsorption energy, E,q, calculated with the DFT-D2 and vdW-
DF2 methods and E¢g, and E, 4 components of E,q (DFT-D2) for the DA-
G system (in eV).

Energy Site

S-ab S-aa D L P-ea P-oh
E,4 (DFT-D2) -074 -070 -069 —-060 —-025 —0.23
Econ 0.20 0.15 0.15 0.01 —-0.04 —0.01
Evaw —-094 —-0.85 —-084 —061 —0.21 —0.22
E,4s (vdW-DF2) -070 —-072 -071 —-056 —020 —0.21
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Table 2. Geometrical parameters [A] for the DA-G system, calculated
with the DFT-D2 method.

Geometrical Site

parameter® S-ab S-aa D L P-ea P-oh
e 2.78 2.98 - 292 - -
A 2.85 2.75 - - - -
Aysc - - - 2.42 - -
Ahac - - - 2.70 2.85 -
dus ¢ - - 2.63 - - -
dusc - - 2.80 - - -
durc - - - 2.56 - -
duc - - - - 2.96 -
Aoc - - - - - 2,62
dor-c - - 3n - - 2.98
Aoy s 0.97 0.98 0.98 0.98 0.97 0.97
honc 3.18 3.30 3.64 491 8.06 5.68
Az, —0.07 —0.07 —0.03 —0.04 —0.01 —0.04
[a] dp_g: Interatomic distance between atoms A and B; hp,_¢: distance be-
tween DA ring and graphene surface; Az;: graphene deformation. Atom
designations are those used in Figure 3.

most favored with E,q values of approximately —0.70 eV, and
the P-ea and P-oh site are the less favored, with about
—0.20 eV. An intermediate situation is present for the L config-
uration, with approximately —0.60 eV. In particular, the S-ab
site is more favorable than the S-aa site by nearly 0.05 eV. This
type of configuration corresponds to the Bernal's AB stacking
for two adjacent graphene sheets in graphite.” Therefore, the
adsorption of DA on regular graphene shows behavior resem-
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C-H (ring): 1.10 A

C-H (methylene): 1.11 A
O1-H: 0.98A, 02-H: 0.97 A
N-H (amino group): 1.02 A

Figure 3. The main interatomic distances for a free DA molecule calculated with the DFT-D2 method. Atom colors are those used in Figure 3.

Table 3. Geometrical parameters [A] for the DA-G system, calculated
with the vdW-DF2 method.

Geometrical Site
parameter® S-ab Saa D L P-ea P-oh
dinc 280 3.2 - 3.05 - -
dpc 295 289 - - - -
s c - - - 2.5 - -
dhac - - - 287 2.86 -
dhs.c - - 275 - - -
dhec - - 291 - - -
drc - - - 2.65 - -
dygc - - - - 297 _
ioc - - - - - 263
dorc - - 325 - - 2.99
dos-tiz 0.97 0.97 0.98 0.98 0.97 0.97
Ropc 339 338 3.77 5.02 8.07 5.69
Az, —0.10 0.00 —0.08 —0.05 —0.02 —0.05

[a] dj_g: Interatomic distance between atoms A and B; hp,_¢: distance be-
tween DA ring and graphene surface; Az;: graphene deformation. Atom
designations are those used in Figure 3.

bling that of nucleobases, that is, the stacking configurations
are favoring over the perpendicular or “T” configurations; the
former being related to the presence of m-m interactions, the
latter to CH--m interactions.”?! From the data in Table 2,
Figure 2 and Figures S1-S5, we note that the minimum intera-
tomic distances between DA and graphene correspond to the
H-C distances (H atom from DA and C atom from graphene) in
the range 2.63-2.78 A for S-ab, S-aa and D sites, and in the
range 2.42-2.85 A for L, P-ea and P-oh sites. In the case of S-ab
and S-aa sites, the hydrogen atom involved belongs to the first
methylene of the ethylamine group, whereas in the case of the
D site, to the second methylene of this group. At L and P-oh
sites, the hydrogen atom involved can belong to either the DA
hydroxy groups, whereas at the P-ea site, it belongs to the pri-
mary amino group.

The vertical distance between the center of DA ring and the
graphene surface for the quasi-parallel configurations is in the
range 3.18-3.30 A. This interval is near to the reported distance
between graphene sheets, 3.35 A%

Regarding the intramolecular interatomic distances in a DA
molecule, we note that they are practically unchanged with re-
spect to the free molecule (Figure 3), except for one C—H bond
of the first methylene group and the O—H bond of the meta-
hydroxy group for D and L sites, respectively (oriented toward
the graphene surface), which are stretched by 0.01 A. The aver-
age changes of the normal coordinate for C atoms nearest to
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DA, calculated with respect to the graphene plane, are report-
ed in Table 2. We note that these C atoms at S-ab and S-aa
sites undergo a negative relaxation of —0.07 A with respect to
the bare surface due to perturbation of DA molecule. For the
other sites, this relaxation is of smaller magnitude, in the range
—0.01 to —0.04 A.

In Tables 1 and 3 the E,4 values and the geometric parame-
ters obtained by using the vdW-DF2 method are shown, re-
spectively. We could observe that E,4 values are similar to
those calculated with the DFT-D2 method—the S-ab, L, P-ea
and P-oh sites, are comparatively less stable, by 0.02-0.05 eV,
and the S-aa and D sites, slightly more stable, by 0.01-0.02 eV.
In particular, the AB-stacking geometry is slightly less stable
than AA-stacking, by 0.02 eV, compared to the result obtained
with DFT-D2. Regarding the minimum interatomic distances
between DA and graphene, they are 0.11 to 0.14 A longer for
S-ab, S-aa and D sites than those calculated using the DFT-D2
method. Furthermore, this distance is 0.08 A longer for the L
site, and slightly longer, by 0.01 A, for P-ea and P-oh sites. At D
and L sites, tilts of 14.68° and 20.51° are produced, respective-
ly. On the other hand, the vertical distance between the center
of DA ring and the graphene surface turns out to be 0.08-
0.21 A longer for the S-ab, S-aa and D configurations. Recently,
it was reported that the intermolecular distances between nu-
cleobases and graphene are found to be in the following
order: DFT-D2 < vdW-DF2."® This observation might also be
related to the fact that if interatomic distances between mole-
cules presenting dispersive interactions are calculated with
vdW-DF2, they are up to 0.3-0.4 A higher than those calculat-
ed using coupled-cluster methods with single, double and per-
turbative triple excitations [CCSD(T)].2" However, from the pre-
vious comparison, it is clear that DFT-D2 provides an optimiza-
tion near to that obtained with the more elaborate vdW-DF2
technique. The DFT-D2 method offers the possibility of evaluat-
ing the contribution of the dispersive interactions to the ad-
sorption energy. This contribution is designated in Table 1 as
E.qw and the non-vdW contribution from the standard ex-
change and correlation interactions, is termed Eg,. From the
Evow and Egga values summarized in Table 1, we can observe
that for S-ab, S-aa and D sites, the first contribution is in the
range —0.84 to —0.94 eV, whereas the second contribution is
in the range 0.15-0.20eV. For L, P-ea and P-oh sites, the
second contribution is almost negligible. It is notable that for
the first three sites the electronic contribution is repulsive,
a point that will be discussed later in this paper.

No experimental works related to the DA-G system using
surface physics techniques have been previously published;
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only results corresponding mostly to electrochemical methods
can be found in the literature. In contrast, a recent DFT theo-
retical study for this system performed with a localized basis
and periodic conditions has been reported.*? In this latter
work on a DA molecule adsorbed in a stacked geometrical
mode, an adsorption energy of —0.18 eV and a distance be-
tween rings of approximately 2.84 A were reported. The mag-
nitude of this energy is smaller than those obtained here
(0.52-0.54 eV), and the distance is 0.46 A smaller than in our
calculation. In an earlier DFT calculation about the adsorption
of nucleobases on graphite based on a localized basis and
a cluster model, adsorption energies in the range —0.52 to
—0.76 eV are reported, with a distance between the nucleo-
base ring and graphene of 3.2-3.3 A.®¥ Furthermore, in a DFT-
based study on an adenine-graphene system performed with
a flat-wave basis and periodic conditions,®¥ the calculated ad-
sorption energy was approximately —0.95 eV and the distance
between the adenine ring and graphene was almost 3.15 A. In
another theoretical study concerning the adsorption of nucleo-
bases on graphene, based also on DFT and second-order
Mgller-Plesset perturbation theory (MP2) and implemented
with a localized basis and a cluster model, adsorption energies
in the range —0.74 to —1.07 eV were reported for a vertical
distance between rings of 3.5 A More recent calculations
performed using the DFT-D2 method for the same system
gave E,4 values in the range —0.52 to —0.77 eV with vertical
distances between rings of 3.13-3.22 A"

In order to study possible charge transfer between adsor-
bate and substrate, the variation of the electronic charge den-
sity, Ap, of the DA-G system was calculated with respect to
the isolated fragments constituted by the DA molecule and
the graphene substrate. In Figure 4a the Ap distribution corre-
sponding to DA adsorbed on the S-ab site and calculated with
the charge densities of the DFT-D2 method, provided by the

a) Ap Isosurface (1e* bhor?), AQ=0.25 e.

b) Ap Isosurface (1e bhor?), AQ=0.24 e.

Figure 4. Charge density difference plots (Ap) and Voronoi atomic charge
changes (AQ) for the DA-G system in the S-ab mode. a) DFT-D2 results and
b) vdW-DF2 results. Positive values of Ap are shown in red, negative values
in blue. DA and graphene carbon atoms: brown; other atoms are as in
Figure 3.
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generalized gradient approximation (GGA) functional, is
shown. A significant redistribution of the electron charge den-
sity on both adsorbate and substrate can be observed, with an
increase (Figure 4a, blue color) in certain regions and a de-
crease (Figure 4a, red color) in others.

To quantify this effect, Ap was integrated into polyhedrons
centered on each atom i, the faces of which are defined by the
planes of a Wigner-Seitz cell, following Voronoi’s procedure.®®
Thus, in this way, we were able to calculate the electronic
charge variation AQ; around this atom. If we performed the
summation of the AQ; values corresponding to the DA mole-
cule, the electronic charge variation of this molecule, AQp,,
can be calculated. Table 4 summarizes the AQ, values for the
different adsorption sites. The sum of AQ; values for graphene
is exactly the opposite of AQpa.

Table 4. Charge differences, AQ, and the corresponding adsorbate-sub-
strate and total electrostatic energies, E¢,_, and Eg., respectively, for the
DA-G system.

Method Site
S-ab S-aa D L P-ea P-oh
AQ [e] DFT-D2 0.25 0.27 0.38 0.47 0.11 0.09
vdW-DF2 0.24 0.20 0.29 0.40 0.12 0.09
Eq,_ [eV] DFT-D2 —-020 -023 -045 -0.72 -0.05 -0.04
vdW-DF2 —-0.13 -0.06 -0.27 -052 -0.06 -—0.04
Eeor [€V]  DFT-D2 —0.38 0.04 0.07 0.07 0.01 0.00

vdW-DF2 0.06 0.06 0.06 0.06 0.01 0.01

We note that the AQp, values are consistent with an elec-
tron transfer from graphene to DA. This transfer is about 0.3e
for S-ab and S-aa sites, 0.4-0.5e for D and L sites, and 0.1 e for
P-ea and P-oh sites. An important aspect to be emphasized,
which is evident from Figure 44, is that the charge distribu-
tions are delocalized in both adsorbate and substrate frag-
ments. If we want to evaluate the energy of electrostatic
origin, we must consider not only the electrostatic interaction
between adsorbate and substrate, E, ,, but also the contribu-
tion from the electrostatic interactions within each fragment.
The values corresponding to Eg,, and the total electrostatic
energy including such inner interactions, Eg, are shown in
Table 4. These can be determined approximately from the ob-
tained AQ; values, by considering point charges centered on
each atom. It is clear that this method of calculation only gives
a rather crude approximation to the actual values of Eg,_ and
Egor but it shows how the interactions of electrostatic origin
behave qualitatively. It can be seen that at increasing values of
AQp,, the amount of the attractive energy Eg,_, between DA
and graphene also grows. Conversely, the internal repulsion
energies within the fragments counteract Eg,, giving a small
Ec.: value. Therefore, although charge transfer occurs between
DA and graphene, the electrostatic energy is not a generally
predominant factor in the stability of the DA-G system. An ex-
ception would be the case of the S-ab site, at which the per-
manent dipole of the DA induces charges of opposite sign on
graphene that tend to attract each other, giving a negative
Egor Value with a higher magnitude than Eg, .. This can be at-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemphyschem.org

tributed, in the case of this configuration, to a favorable shield-
ing response from the s electronic cloud in graphene if the
DA axis is aligned along a C—C bond at the surface. Looking at
Figure 4b and Table 4 we note that, if the charge densities pro-
vided by the vdW-DF2 method are used, we attain the same
tendencies exhibited by DFT-D2 method. The electron charge
transfer from graphene to DA is similar for S-ab, P-ea, and P-oh
sites, and 15-25% lower for S-aa, D and L sites, whereas the
magnitudes of the associated electrostatic energies are gener-
ally smaller.

With the aim of analyzing the electronic structure inherent
to the DA-G system, we calculated the projected density of
states (PDOS) on specific fragments. Although the results dis-
cussed here are those corresponding to the single-particle
Kohn-Sham orbitals calculated with the GGA approximation
used in DFT-D2, similar results were obtained with the ex-
change-correlation functional used in vdW-DF2. In Figure 5 the

12

LDOS [a.u]

-25 -20 -15 -10 5 0 5 10

E-E; [eV]

Figure 5. Electronic PDOS of the DA-G system calculated with the DFT-D2
method, for DA placed far from graphene.

PDOS on DA and graphene fragments, if they are far apart, are
shown. The valence and conduction bands of graphene, with
the Dirac point making the contact between these bands is
also apparent, as are the HOMO and LUMO of DA below and
above the Fermi level, respectively. The charge transfer dis-
cussed above can be explained using arguments based on the
frontier orbitals of graphene and DA.®”

Indeed, we note that, due to the coupling of the DA HOMO
and the unoccupied graphene states above its Fermi level
(Figure 6), electron donation to graphene is to be expected.
However, the coupling of the DA LUMO and the occupied gra-
phene states below its Fermi level implies a backdonation
toward the DA. Taking into account this reasoning and the

Graphene —==> Dopamine

e- 3
Graphene <«—— Dopamine
LY

Figure 6. Frontier molecular orbital interactions for a DA molecule and a reg-
ular graphene sheet.
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AQp, values as discussed, we expect that the coupling be-
tween the DA LUMO and the occupied graphene states pre-
dominates in the DA-G system.

Figure 7 shows a comparison between the projected PDOS
corresponding to DA adsorbed on graphene at an S-ab site
and that for DA placed far apart from graphene, that is, a situa-

o

—DA-G

LDOS[a.u]
N ow s ;g

-

-25 -20 -15 -10 5 0 3 10

E-E; [eV]

Figure 7. Electronic PDOS on the DA fragment for a DA molecule placed far
from graphene (DA) and for the DA-G system in the S-ab mode (DA-G).

tion with no interaction between adsorbate and substrate. It
can be observed that upon adsorption the bands between —8
and 7 eV undergo a small but non-negligible widening that re-
veals coupling between the DA orbitals and those of gra-
phene; this is particularly true for states around —6¢€V. In
Figure 8, it is possible to identify, for the S-ab site, the project-
ed PDOS on the DA ring, on its amino group and on the gra-
phene carbon atoms near to DA. Considering the spatial ar-
rangement of adsorbate and substrate in this adsorption
mode, a favorable coupling is expected between the m orbitals
of the DA ring and those of the graphene rings. The bonding
and antibonding states resulting from one of these couplings
are also shown schematically in Figure 8.

Notably, because both states are doubly occupied, a four-
electron repulsive interaction is produced. The latter observa-
tion is in agreement with the results described above, indicat-
ing a repulsive interaction due to the non-van der Waals con-
tribution Egga. This fact has also been shown in Ref. [35] for the
interaction between adenine and graphene. At adsorbate-sub-
strate distances of less than 3 A, the kinetic energy contribu-
tion to the energy of single-particle Kohn-Sham orbitals is
much more relevant than the attractive contribution due to
electronic exchange and correlation effects. Conversely, the
energy decomposition analysis performed on intermolecular
interaction energies obtained with the B97-D functional (a
hybrid GGA exchange-correlation functional with dispersion
correction) for nucleobases adsorbed on graphene exhibited
large repulsive interactions of electron exchange origin.k®

As previously discussed, the dispersive interaction is essen-
tial for defining stable adsorption configurations for the DA-G
system. In order to study this interaction in more depth, we
performed an analysis using the noncovalent index (NCI). Re-
cently, this index was used to characterize the dispersive inter-
actions in the adsorption of As(OH); on doped graphene.*?
Figure 9a shows the 2D NCI plot for DA-G in the S-ab adsorp-
tion mode, calculated with the charge density calculated with
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Figure 8. Electronic PDOS on the DA ring (dopamine ring), the DA amino group (amino group) and on graphene C atoms near to DA (graphene ring), for the
DA-G system in the S-ab mode. The electronic charge density (p) isosurfaces (1 e *bohr3) of selected states for a) isolated DA and b) isolated graphene, and
their ¢) bonding and d) antibonding combinations, are displayed. The corresponding energy eigenvalues are also indicated. The calculations of p were per-

formed at the T point.

the DFT-D2 method. The appearance of a steep peak for nega-
tive and near zero values of sign (4,)p is observed. This is an in-
dication of the presence of dispersive interactions. In the same
figure, the 3D plot for negative values of 1, shows an annular
region (in green) located between the DA ring and its nearest
graphene ring, associated with van der Waals interactions. The
electronic charge density could be attributed to the electronic

OTD
sign 7. (a.u)

b)

sign 2.p (a.u)

Strong and attractive
p>0,4,<0

Weak
p=0,1,=0

Strong and attractive
p>0,2,<0

7t clouds of these rings. Figure 9b shows the NCI plots calculat-
ed with the electron charge density derived from the vdW-DF2
method. The latter is obtained in a self-consistent way, includ-
ing dispersive effects. It can be seen that these plots give the
same qualitative results as those provided by the GGA charge
density.

Weak
p=0,1,=0

Figure 9. 2D (left panel) and 3D (right panel, perspective view) NCI plots for the DA-G system in the S-ab mode, calculated from the charge density from
a) DFT-D2 and b) vdW-DF2 methods. 3D NCI isosurfaces correspond to s=0.25 and a color scale of —0.01 < sign (1,)p < 0 bohr>.
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2.2. The DA-GV System

In this section the results for DA adsorbed on graphene with
monovacancies are discussed. Six adsorption modes were
again considered, which are shown in Figures 10a-f. In the
geometrical configurations designated S-ab, S-aa and D, the
DA molecule is placed parallel to the defective graphene
sheet, with the ethylamine group oriented toward the vacuum
in the S-ab and S-aa configurations, and toward the surface of
graphene in the case of the D configuration. Whereas at the S-
ab site the ring of the DA adopts a configuration analogous to
that of Bernal's AB stacking, in the S-aa and D sites, an in-
plane rotated AA stacking was considered. The remaining con-
figurations, L, P-ea, and P-oh, are similar to those described for
the surface without vacancies.

Although no magnetism is present in perfect graphene, it
arises if carbon vacancies are generated in the graphene lat-
tice.” In the case of monovacancies, different values for the
magnetization values have been reported, in the range 0.45-
1.14 yg per vacancy.“®*" Here, using our GV model for defec-
tive graphene, a value of 0.76 yu; per vacancy was obtained.
Hence, it is appropriate to make polarized spin calculations in
the case of DA adsorption on GV. The evaluations performed
with the DFT-D2 method indicate that the total energy results
for the DA-GV system at the spin-polarized level are less favor-
able, in the range 0.01-0.35 eV, with respect to those obtained
at the non-spin-polarized level, for a magnetization in the
range 0.4-0.8 yg per vacancy. Therefore the DA-GV system

a)
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CHEMPHYSCHEM
Articles

must be treated as a closed-shell electronic system. Although
the adsorption energy values are reported here with reference
to the nonmagnetic GV surface, the E,4 values expressed with
respect to the magnetic GV surface turn out to be only 0.07 eV
less negative. It is worth underlining that if a monovacancy is
produced, a Jahn-Teller distortion occurs and the trigonal sym-
metry of the regular graphene surface is lost.*” The carbon
atoms of lower coordination in the monovacancy are the verti-
ces of an isosceles triangle composed by two long and one
short sides; the longest side being 2.60 A and the shortest,
2.31 A, at the non-spin polarized level of calculation, and 2.60
and 2.20 A, respectively, at the spin-polarized level.

After optimizing the S-ab site with the DFT-D2 method, the
DA molecule adopted a geometric configuration, as shown in
Figure 11. The other sites are depicted likewise in Figures S6-
S10.

The values of adsorption energy, calculated with DFT-D2 as
well as with vdW-DF2, are shown in Table 5, and those of the
geometric parameters are summarized in Tables 6 and 7. Simi-
larly to the sites described for the DA-G system, it can be ob-
served that the S-ab and S-aa modes of adsorption are almost
parallel to the surface, and the P-ea and P-oh modes remain
nearly perpendicular. Similarly as for the DA-G system, at the
D site the plane of DA molecule shows a non-negligible tilt (at
an angle of 15.83° with respect to the GV surface), and in addi-
tion, at the L site the axis passing through the ring groups in
the para-position is also tilted (forming an angle of 16.01° with
respect to the GV surface).

e)

~(CH,),NH,

Figure 10. Geometrical configurations for a) S-ab, b) S-aa, ) D, d) L, e) P-ea and f) P-oh modes of DA adsorption on graphene with a monovacancy (graphe-

ne V).

1674 & | 3141\

i 2.71 A

Figure 11. Optimized geometry for the DA-GV system in the S-ab mode (DFT-D2 results). Lateral, top and perspective views. Graphene carbon atoms: green;

DA carbon atoms: brown; oxygen: red; nitrogen: light blue; hydrogen: white.
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Table 5. Adsorption energy, E,y, calculated with the DFT-D2 and vdW-
DF2 methods and Egg, and E, g components of E, (DFT-D2) for the DA-
GV system (in eV).

Energy Site

S-ab S-aa D L P-ea P-oh
E.q4s (DFT-D2) -1.02 —-065 —0.06 0.02 0.31 0.25
Ecea —0.13 0.18 0.68 0.69 0.55 0.55
Eaw -089 —-083 —-074 —-067 —024 —030
E.q4s (vdW-DF2) —-094 —-067 —0.71 -059 —-0.15 —-0.30

Table 6. Geometrical parameters [A] for the DA-GV system, calculated
with the DFT-D2 method.

Geometrical Site

parameter® S-ab  S-aa D L P-ea P-oh
dunc 271 273 - 2.84 - -
duyc 2.95 278 - - - -
dusc 1.67 3.09 2.83 2.20 - -
duac - - - 2,61 259 -
dus ¢ - - 2.77 - - -
dusc - - 2.95 - - -
durc - - - 2.36 - -
dusc - - - - 2.86 -
duoc - - - - - 240
doyc - - - - - 3.00
doy-c - - 3.23 - - -
dop-rs 1.05 0.97 0.97 0.98 0.97 0.97
c—' 2.65 234 2.04 2,61 2.60 215
- 2.25 2.60 2.58 2.12 212 2.63
c— 2.65 2.59 2.59 263 261 2.64
hoae 3.14 3.26 3.73 471 7.77 5.27
Az, 0.53 —-039 —044 —060 —051 —0.60
Az 0.01 —0.07 —0.01 —0.15 —0.11 —0.08

[a] d,g: Interatomic distance between atoms A and B; hp,_¢: distance be-
tween DA ring and graphene surface; Az.: maximum displacement of
graphene carbon atom; Az;: graphene deformation. Atom designations
are those used in Figure 3. [b] Naked GV surface: C—C' (2.61 A), C'—C”
(2.31 A), C—C” (2.60 A).

Regarding in first place the results calculated with DFT-D2,
from Table 5 it can be deduced that the S-ab and S-aa geome-
tries are the most favored with Eads values in the range of
—0.65eV to —1.02 eV, in comparison with the D, with only
—0.06 eV. The DA molecule is not stable on the L, P-ea and P-
oh sites, where the adsorption is endothermic. The most favor-
able site is the S-ab, with an E,4 value of greater magnitude
by 0.28 eV than that for the S-ab site on the perfect surface.
Therefore, this site is the most exothermic of both perfect gra-
phene and graphene with monovacancies. Moreover, from
Table 6, Figure 11 and Figures S6-S10 it can be inferred that
the minimum interatomic distances between DA and graphene
correspond to the H-C distances (H atom from DA and C atom
from GV). The shortest H-C distance is that of the S-ab site,
1.67 A, being in the range 2.73-2.77 A for S-aa and D sites, and
in the range 2.20-2.59 A for L, P-ea and P-oh sites. In the case
of S-ab, L, and P-oh sites, the hydrogen atom involved belongs
to a hydroxy group, whereas for S-aa and D sites, it is part of
the first and second methylene groups, respectively. In the
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Table 7. Geometrical parameters [A] for the DA-GV system, calculated
with the vdW-DF2 method.
Geometrical Site
parameter® S-ab S-aa D L P-ea P-oh
A c 2.80 2.92 - 3.29 - -
A c 3.04 2,97 - - - -
dis ¢ 1.86 3.36 2,94 237 - -
s c - - - 2.87 2.60 -
dus ¢ - - 2.85 - - -
dus.c - - 2.95 - - -
diyc - - - 3.23 - -
dus.c - - - - 2.88 -
Ao c - - - - - 244
dorc - - - - - 3.01
do.c - - 3.33 - - -
dos-riz 1.01 0.97 0.97 0.98 0.97 0.97
™ 2.68 2.37 2.37 2.60 2.65 2.36
- 2.36 2.62 2.63 2.66 2.36 2.67
c-® 2.67 2.65 2.65 238 261 267
hoac 3.30 3.48 3.78 5.10 7.77 527
Azc 0.56 —0.52 —0.49 —0.52 —0.52 —0.59
Azg —0.01 —0.14 —0.09 —0.21 —0.11 —0.06
[a] ds_g: Interatomic distance between atoms A and B; hp,_¢: distance be-
tween DA ring and graphene surface; Az.: maximum displacement of
graphene carbon atom; Azg: graphene deformation. Atom designations
are those used in Figure 3. [b] Naked GV surface: C—C' (2.66 A), C'—C”
(2.37 R), ¢—C” (2.63 A).

case of the P-ea site, the hydrogen atom of DA involved is part
of the primary amino group. The vertical distance between the
center of the DA ring and the graphene surface for the quasi-
parallel configurations is in the range 3.14-3.26 A, which is
shifted by approximately 0.04 A to smaller values with respect
to perfect graphene. This result is in agreement with the E,q
values, which are greater in magnitude. In the case of the S-ab
site, it should be noted that the hydroxy group in the meta-po-
sition is oriented toward one of the C atoms of lower coordina-
tion in the monovacancy, rising above the plane of graphene.
Accordingly, a hydrogen bond between DA and the monova-
cancy, OH--C, is formed. The O—H bond relaxes from its length
of 0.97 A for the free molecule to 1.05 A. The values of H-C
distance, 1.67 A, and O—H—C bond angle, 168.4°, are consistent
with a hydrogen bond of intermediate strength.? Moreover,
the length of the C—O bond, which is a neighbor to the meta-
OH group, is shortened by 0.02 A, whereas the ring C—C bond
between the two hydroxy groups is stretched by 0.01 A. In re-
lation to the other intramolecular bond lengths of adsorbed
DA, we can observe that, in general, they are similar to those
of the free molecule, with the exception of the O—H bond of
the meta-hydroxy group in the L adsorption mode, which is di-
rected toward graphene and is stretched by 0.01 A.

From the geometries shown in Figure 11 and Figures S6-
S10, it is evident that one of the carbon atoms of the monova-
cancy suffers a normal displacement from the plane of gra-
phene that is more significant than for others. Table 6 reports
the change of the normal coordinate for this atom. Note that
it is positive for the S-ab site, 0.53 A, and negative for other
sites, between —0.39 and —0.60 A. If a mean of the normal co-
ordinates for C atoms nearest to DA is taken (see Table 6), we
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conclude that whereas the mean value for the S-ab site is very
small and positive, it is still remarkably negative for the other
sites. The carbon atoms of lower coordination in the monova-
cancy form the vertices of an isosceles triangle composed by
two long and one short sides, having a longest side of 2.58-
2.65 A, and the shortest, of 2.04 to 2.15 A (see Table 6). There-
fore, the adsorption of DA on GV preserves the Jahn-Teller dis-
tortion mentioned above, contrary to the adsorption of Al
atoms, upon which the trigonal symmetry is restored.*” The
vertex corresponding to the smallest angle of the isosceles tri-
angle is the atom of the monovacancy that suffers the largest
normal displacement. It is notable that for the S-ab site the C—
C—C bond angle centered on this atom deviates by only —0.1°
with respect to the 120° of sp? hybridization in perfect gra-
phene, whereas for the other sites the deviation is larger, in
the range 1.6-1.9°.

The results obtained using the vdW-DF2 method are sum-
marized in Tables 5 and 7. We observed that the adsorption
energy values for the S-ab and S-aa sites are similar to those
calculated with the DFT-D2 method; in particular, the value for
the S-ab site is nearly 0.1 eV more stable. The other sites have
more negative E,q4 values, by approximately —0.5 to —0.6 eV, if
calculated with the vdW-DF2 method. Thus, at this level of cal-
culation, all adsorption sites correspond to exothermic process-
es. Hence, the adsorption of DA on graphene with monova-
cancies studied by means of the vdW-DF2 method shows be-
havior resembling that of nucleobases, that is, favoring the
stacking configurations versus the perpendicular or “T" config-
urations. This behavior is different to that obtained using the
DFT-D2 method, in which the D site is much less favored than
the S-ab and S-aa sites and the L site does not exhibit an inter-
mediate binding strength. At D and L sites, tiltings of 15.63°
and 19.37° are produced, respectively. The minimum intera-
tomic distance between DA and GV, is 0.17-0.19 A greater for
the S-ab, S-aa and L sites than that calculated with the DFT-D2
method. For the D site, it is 0.08 A greater, whereas for P-ea
and P-oh sites, slightly greater (by 0.01-0.04 A). Furthermore,
the vertical distance between the center of the DA ring and
the graphene surface for the quasi-parallel configurations is
0.16-0.22 A greater. In other words, the geometrical results of
vdW-DF2 method for DA-GV, compared those of DFT-D2,
follow the same trend as the calculations for DA-G. Moreover,
as a consequence of DA adsorption, the monovacancy carbon
atoms undergo normal displacements similar to those calculat-
ed with the DFT-D2 method (Tables 6 and 7).

By inspecting the E,4 values reported in Table 5 calculated
with the DFT-D2 method, it can be concluded that for S-ab, S-
aa, D, and L sites, the E, 4, contribution is predominant (in the
range —0.67 to —0.89 eV) compared to the Eg;, contribution,
whereas for P-ea and P-oh sites it is of lower relevance (in the
range —0.24 to —0.30 eV). The Eg, contribution was found to
be negative for the S-ab site (—0.13 eV) and positive for all
other sites, and was particularly large for D, L, P-ea and P-oh
modes of adsorption (in the range 0.55-0.69 eV). A comparison
of the same type of site in DA-GV and DA-G systems reveals
that although the E 4, contribution is similar for both systems,
the Egqa contribution establishes the difference between these
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systems. In fact, the negative contribution for the S-ab site in
DA-GV makes this adsorption mode the most stable, and is re-
lated to the formation of the hydrogen bond, whereas the
highly repulsive value for D, L, P-ea and P-oh sites produces
a great destabilization of these adsorption modes. Note that
the adsorption energies for P-ea and P-oh sites in the DA-GV
system calculated with the vdW-DF2 method are negative,
whereas they are positive with the DFT-D2 method. This differ-
ent behavior can be attributed to the different treatment of
each functional with the local exchange and correlation ef-
fects.

Recently, the E,4 values for the DA molecule adsorbed in
a stacked mode on graphene with monovacancies has been
computed, giving a value of —0.11 eV.®? This result is of much
smaller magnitude, by 0.83-0.91 eV (S-ab site) and by 0.54-
0.56 eV (S-aa site), than those obtained here. Furthermore, the
reported distance between adsorbate and substrate rings is
nearly 2.95 A, that is, about 0.19-0.53 A smaller in comparison
with our calculations. Notably, and in contrast to our results,
the DA-GV system was reported to be less favorable than the
DA-G one.

The variation of the electronic charge density of the DA-GV
system in the S-ab site, calculated with the DFT-D2 charge
densities, is shown in Figure 12a. A significant redistribution of
the electron charge density on both adsorbate and substrate
can be observed, similarly to what occurs in DA-G. The values
of AQp, obtained for the various adsorption sites of DA-GV are
summarized in Table 8. We note that they are consistent with
electron transfer from the substrate to the adsorbate. This
transfer is greater than that calculated for the DA-G sites of
similar designation (Table 4), by 0.35e for the S-ab site, and
0.07 to 0.13e for L, P-ea and P-oh sites. For the S-aa site the
magnitudes are more similar, only 0.02e smaller, and for the D
site, 0.1 e smaller. According to the values of electrostatic ener-
gies Eg,, and Eg,, (Table 8), we observed that in general the
latter are smaller in magnitude than the former, except for S-
aa and L sites. In these adsorption modes the electrostatic re-
pulsions within the fragments are relatively important, indicat-
ing that the charges would be less delocalized. The S-ab site
exhibits the largest negative values of Eg,  and Eg, even than
those calculated for the DA-G system, in agreement with the
largest obtained value of AQp,. This specific polarization might
explain, at least in part, the negative value of the Eq, contribu-
tion to E,q for this site, owing to the greater Eg,,. Figure 12b

Table 8. Charge differences, AQ, and the corresponding adsorbate-sub-
strate and total electrostatic energies, Eg,, and Eg,, respectively, for the
DA-G system.

Method Site
S-ab S-aa D L P-ea P-oh
AQ [e] DFT-D2 0.60 0.25 0.29 0.54 0.18 0.22
vdW-DF2 0.51 0.20 0.27 0.41 0.18 0.23
Ec,, [eV] DFT-D2 —-113 -0.08 -024 -025 -0.09 -0.14
vdW-DF2 -0.70 -0.03 -0.18 -0.17 -0.09 -0.14
Eeor [€V]  DFT-D2 —0.26 0.13 0.05 0.73 0.04 0.02

vdW-DF2  —0.03 0.14 0.06 0.36 0.04 0.02

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

KR These are not the final page numbers!


http://www.chemphyschem.org

:@’* ChemPubSoc
Brlef Europe

a) Ap Isosurface (6 bhor?), AQ=0.60 e.
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b} Ap Isosurface (22 bhor?), AQ= 0.60 e.

d) Ap Isosurface (2e” bhor?), AQ=0.51 e.

Figure 12. Charge density difference plots (Ap) and Voronoi atomic charge changes (AQ) for the DA-GV system in the S-ab mode. a) and b) DFT-D2 results;
) and d) vdW-DF2 results. Positive values of Ap are shown in red, negative values in blue. DA and graphene carbon atoms: brown; the other atoms are

shown as in Figure 11.

shows the Ap isosurface corresponding to the S-ab site in the
DA-GV system calculated for a greater |Ap| than that shown
in Figure 12a. Note the particular accumulation of electronic
charge in the line between the H atom of the DA hydroxy
group and the C atom of graphene that defines the OH--C
bond mentioned above. This observation will be considered
again later. From Figure 12¢ and d and Table 8, it can be seen
that the charge densities provided by the vdW-DF2 method
give trends analogous with those obtained with the DFT-D2
method. Specifically, the electron transfer from GV to DA is
similar for S-aa, D, P-ea and P-oh sites and 15-25% lower for
S-ab and L sites, whereas the magnitude of the associated
electrostatic energies is equal or smaller.

Figure 13 shows the PDOS corresponding to DA and GV
fragments if they are far apart, calculated with the GGA ap-
proximation used in DFT-D2 method. Similar results were ob-
tained using vdW-D2. We see in the PDOS on graphene with
monovacancies the presence of a peak located at the Fermi
level that yields the disappearance of the Dirac point and

12
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Figure 13. Electronic PDOS of the DA-GV system calculated with the DFT-D2
method, for DA placed far from graphene.
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gives metallic character to the graphene. This peak is symmet-
rical with nearly equal contributions above and below the
Fermi level. Another peak also arises at 0.35eV below the
Fermi level. The profile of the remaining states below and
above the Fermi level maintains a similar shape to that of reg-
ular graphene. Therefore, if considering the possible couplings
between the frontier levels of DA and GV it is of vital impor-
tance to take into account the contribution from the graphene
states located below the Fermi level. Following the previously
discussed analysis associated with Figure 6, we could infer that
the backdonation of electronic charge to the DA molecule
should be expected to be more significant than the donation
to graphene. This is in agreement with the results of Tables 4
and 8, indicating that the charge transfer from graphene to DA
is three times higher for DA adsorbed on graphene with mon-
ovacancies than on perfect graphene. It is pertinent to men-
tion that the PDOS curves obtained for GV obtained at the
non-spin-polarized level exhibit similar profiles for both spin
projections in comparison with the PDOS at the spin-polarized
level. In particular, the peak arising below the Fermi level cor-
responds to the majority spin contribution, as was shown in
a previous study.”

In Figure 14 the projected PDOS corresponding to DA ad-
sorbed on graphene with monovacancies at S-ab site is com-
pared with that of DA far apart from graphene. We note that,
as in the case of DA-G system, the bands between —8 and
7 eV undergo a small but not negligible widening. This can be
related, as before, to a coupling between the  orbitals of the
DA ring and those of GV, giving rise to the appearance of
bonding and antibonding states and a four-electron repulsive
interaction. In addition, the position of DA states with respect
to GV states and its Fermi level shifts towards lower binding
energies, by nearly 0.9 eV compared to the situation for far-dis-
tant fragments. This effect can be ascribed to the electron
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Figure 14. Electronic PDOS on the DA fragment for a DA molecule placed
far from graphene with monovacancies (DA) and for the DA-GV system in
the S-ab mode (DA-GV).

transfer between adsorbate and substrate, which destabilizes
the levels of DA and stabilizes those of graphene. A similar ob-
servation has been outlined for the LUMO position of benzoic
acids adsorbed on graphene, with respect to the Fermi level,
as the degree of charge transfer from substrate to adsorbate
increases.”?

The PDOS for DA-GV in the S-ab mode of adsorption is
shown in Figure 15. It is possible to identify the PDOS on the C
atoms of DA ring, on its amino group and on those C atoms of
GV nearest to DA (those that constitute the vacancy). Note the

~——Amino group
——Dopamine ring
25 —Vacancy

LDOS [a.u]

5 1] s 10

E-£ [eV]

Figure 15. Electronic PDOS on the DA ring (dopamine ring), on the DA
amino group (amino group) and on graphene C atoms near to the DA (va-
cancy), for the DA-GV system in the S-ab mode.

resemblance of PDOS profiles for the occupied states below
—1 eV and the unoccupied states above 4 eV, corresponding to
both the DA ring and the vacancy, to those calculated for the
DA-G system. The same observation can be outlined for the
PDOS corresponding to the DA amino group. The projected
PDOS on the DA hydroxy group oriented toward the graphene
surface and the projected PDOS on the less coordinated C
atoms in the vacancy can be seen in Figure 16. We note the
presence of a state located at —0.99 eV showing an electron
density accumulation of covalent nature in the region between
the H atom of the meta-hydroxy group of DA and one of the
less-coordinated C atoms of the monovacancy. This state can
be associated with the bonding combination between an oc-
cupied state of the isolated GV vacancy and the HOMO of free
DA. Although this orbital becomes occupied, the antibonding
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counterpart, being above the Fermi level, is unoccupied. Stabi-
lization of a covalent nature is produced owing to this cou-
pling between states of DA and the GV vacancy. This state con-
stitutes a covalent contribution to the OH--C hydrogen bond,
as previously mentioned.

The hydrogen bonding, which tends to be much stronger
than other noncovalent interactions on a per-atom basis, such
as those arising from van der Waals forces, merits a careful de-
scription from the molecular orbital point of view." This type
of chemical bonding can be analyzed based on the electronic
density, for example, by NCI analysis. Figure 17a shows the 2D
NCI plot for DA-GV in the S-ab adsorption mode, calculated
with the charge density derived using the DFT-D2 method.

We observe the appearance of two steep peaks for negative
values of sign(4,)p, one close to zero and another at approxi-
mately —0.05. The first corresponds to the presence of disper-
sive interactions and the second to that of hydrogen bonding.
The 3D plot for negative values of 4, is also shown in Fig-
ure 173, showing an annular region (green) located between
the DA ring and the nearest ring of graphene, associated with
van der Waals interactions. Furthermore, a region appears be-
tween the H atom of DA hydroxy group oriented to one of the
less-coordinated C atoms in the vacancy (blue). The sign(4,)p
value for this region indicates that it can be associated with an
OH--C hydrogen bond." This result confirms our previous pro-
posal for the formation of a hydrogen bond in the S-ab mode
of DA-GV. Figure 17b shows the NCI plots calculated with the
electron charge density derived using the vdW-DF2 method.
They give the same qualitative results as those obtained using
the GGA electron charge density.

In the case of larger defects, such as divacancies that expose
more unsaturated carbons, it is expected that the probability
for the formation of a new hydrogen bond would increase, for
example, that formed between the second hydroxy group of
DA and one vacancy carbon. However, the increase in the
number of vacancies does not correlate with greater adsor-
bate—substrate binding in other systems. For example, Pt clus-
ters anchored at a divacancy can show a larger or a smaller
binding energy than those anchored at a monovacancy de-
pending on whether first principles or semiempirical methods
are used."

One important aspect of the DA-G and DA-GV systems is
that DA is typically present in an aqueous environment. In this
situation, the interaction of DA with water molecules might
alter the DA-G and DA-GV binding modes above described. In
order to quantify this solvent effect, the stability of the DA
molecule in water as the dielectric medium in comparison with
vacuum was evaluated by performing DFT calculations with
a Gaussian basis set. The corresponding total energy values for
a frozen geometry indicate that the DA molecule is approxi-
mately 0.3 eV more stable in an aqueous environment. There-
fore, it can be expected that water-DA interactions compete
with DA-G and DA-GV binding. Although this energy stabiliza-
tion is approximately 30-50% the magnitude of the adsorp-
tion energy for the most favored sites, it does not change the
general adsorption trends mentioned above for DA on gra-
phene or on GV. On the other hand, we mention that our cal-
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Figure 17. 2D (left panel) and 3D (right panel, perspective view) NCI plots for the DA-GV system in the S-ab mode, calculated from the charge density of
a) DFT-D2, and b) vdW-DF2 methods. 3D NCI isosurfaces correspond to s=0.25 and a color scale of —0.01 < sign (1,)o0 < 0bohr>. Inset: Expanded region of

hydrogen-bonding character.

culations do not consider thermal effects. If we take into ac-
count that the DA molecule has a kinetic energy of kg7, this
contribution is approximately 0.03 eV at 300 K, which would
not change the results obtained in this study.
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3. Conclusions

The bonding and geometry of DA-G and DA-GV systems were
studied by using DFT-D2 and vdW-DF2 methods. On perfect
graphene, two adsorption modes were identified, S-ab and S-
aa, showing DA in a stacked configuration with the DA aromat-
ic plane being almost parallel to the graphene sheet, two
modes showing a somewhat significant degree of tilting, D
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and L, and another two in which DA is oriented normally to
the graphene sheet, P-ea and P-oh. The order of stability of
these modes is S-ab>S-aa>D=~L>P-eaxP-oh for the DFT-
D2 results and D~S-ab~S-aa>L>P-o~P-ea for vdW-DF2. A
non-negligible electron transfer from graphene to the DA mol-
ecule takes place upon adsorption because the coupling be-
tween the LUMO of DA and occupied graphene states of the
band are below the Dirac point. The contingent attractive elec-
trostatic interaction is reduced due to the electrostatic repul-
sion within the fragments, with the result that the only signifi-
cant attractive interaction comes from the dispersive forces.
The latter must compete with a significant Pauli repulsion be-
tween the occupied it orbitals of the DA ring and those of gra-
phene, giving adsorption energy values and inter-fragment dis-
tances of approximately 0.70 eV and 3.2 A, respectively, for the
most favored site. Despite the geometries being similar using
both theoretical methods, the distances are approximately
0.2 A greater for the vdW-DF2 method. NCI analysis confirmed
the presence of an annular region of electron charge density
located between the adsorbate and substrate aromatic rings
related to van der Waals interactions. This result is evident
using the electron charge density obtained with the GGA func-
tional of DFT-D2, and was confirmed by using that obtained
with the exchange-correlation functional of the vdW-DF2
method.

On defective graphene, six adsorption modes have been
also identified, with the aromatic planes of DA and graphene
either parallel or perpendicularly arranged with respect to the
substrate. The stability ordering of the modes is S-ab>S-aa~
D >L>P-oh >P-ea for DFT-D2 calculations and S-ab>D>S-
aa>L>P-ea>P-oh for vdW-DF2. In particular, the D and L
modes are largely disfavored by the DFT-D2 method, in con-
trast to vdW-DF2. In all these modes of adsorption, magnetic
states are disfavored and the monovacancy shows no trigonal
symmetry. An electron transfer from graphene to the DA mole-
cule occurs to a larger degree compared with regular gra-
phene. In the S-ab configuration of adsorption, an OH:-C hy-
drogen bond is formed, comprising the meta-hydroxy group of
DA and one of the C atoms of lower coordination in the mon-
ovacancy. Stabilization of a covalent nature is also produced,
associated with the bonding combination of an occupied state
of the isolated GV vacancy and the HOMO of free DA and is ac-
companied by an accumulation of electronic charge in a line
joining the H atom of the hydroxy group and the C atom of
the GV vacancy. This hydrogen bond renders S-ab the most
stable site, with an adsorption energy of approximately 0.4 eV
greater magnitude than that of the S-aa site and about 0.3 eV
larger than that for the S-ab site of perfect graphene. NCI anal-
ysis indicates the presence of an annular region of electronic
charge related to van der Waals interactions and a region of
hydrogen-bonding character between the DA hydroxy group
and the GV vacancy. The inter-fragment distances for this site
are approximately 0.3 A larger for the vdW-DF2 method.

Another important conclusion is that on both graphene and
GV surfaces the DA hydroxy groups in the two stacking modes
and the D mode do not exhibit bending upwards or down-
wards from the DA ring plane, whereas in the L mode, one hy-
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droxy group points outside the graphene sheet. Therefore, it
could be argued that the L adsorption mode would favor the
chemical attack of oxidizing agents on the DA molecule. Nev-
ertheless, as the latter mode is at least 0.3 eV less favorable
than the others, this type of reaction is feasible only with DA
adsorbed parallel to graphene or in a D configuration.

Computational Details

The results reported in this work are based on the DFT formalism
and were implemented by means of the Vienna Ab initio Simula-
tion Program (VASP).*”*¥ |n this code, the Kohn-Sham equations
are solved using a plane-wave basis and periodic boundary condi-
tions. The electron-ion interactions are taken into account by the
projector-augmented wave (PAW) potentials. The PAW method is
a frozen-core all-electron method that uses the exact shape of the
valence wavefunctions instead of pseudo-wavefunctions.***? The
fixed convergence of the plane-wave expansion was obtained
with a cut-off energy of 400 eV. The perfect graphene sheet was
modeled with a slab on which a hexagonal array of carbon atoms
is replicated in the normal direction with a vacuum gap of 25 A,
thus minimizing the interaction between successive sheets. The
graphene 2D array had a 5x5 supercell with 50 carbon atoms. The
graphene sheet with a monovacancy was modeled by eliminating
one carbon atom of this 5x5 supercell and relaxing the remaining
carbon atoms. Integrations in the first Brillouin zone were made
using a Monkhorst-Pack®" grid of 3x3x 1 k-points. All the calcula-
tions were performed at the non-spin-polarized level, however, the
spin-polarized level was considered for the adsorption on the mon-
ovacancy.

In order to represent the (van der Waals) dominant inverse sixth-
power dependence of the interaction energy on inter-fragment
distance R, due to nonlocal correlation electronic effects missing in
standard DFT, three main approaches have been previously sug-
gested.®? One consists of the implementation of conventional ex-
change and correlation functionals in the GGA according to hybrid
or meta-hybrid schemes (see, for example, Ref. [53]). In another ap-
proach, the way to take into account the dispersion interaction is
the inclusion of a pairwise parametrized term with an inverse
sixth-power dependence on interfragment distance to the total
energy obtained in standard DFT.”¥ In contrast, in the third type of
method, a nonlocal self-consistent correlation energy term is
added to the exchange and local correlation energy terms® to cal-
culate the full exchange-correlation functional of the molecular
system. In the calculations performed for the present work, the
vdW-like dispersive interactions were taken into account using the
latter two approaches: the DFT-D2 method of Grimme et al.*® and
the vdW-DF2 method of Lundqvist and Langreth et al.,®" corre-
sponding to the second and third types described above, respec-
tively. In the first method, electron exchange-correlation effects are
described by the GGA approximation using the Perdew-Burke-Ern-
zerhof (PBE) functional.®” In the second method, the exchange
PW86 functional®™ and the local density approximation were used
as exchange and local correlation contributions to the full ex-
change-correlation functional, respectively. It should be noted that
in earlier DFT calculations for the adsorption of aromatic molecules
on carbon nanosystems, the local density approximation was used
to account for the electronic exchange and correlation energy,®
giving reasonable molecule-substrate distances unlike the stan-
dard GGA approximation, with which weakened binding and over-
estimated molecule-substrate distances were found.
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The coordinates of the adsorbed DA molecule and all the carbon
atoms of the DA-G or DA-GV systems were allowed to relax until
the residual Hellmann-Feynman forces were less than 0.02 eVA~".
The interaction energy between DA and the carbonaceous surface
(G or GV) was calculated in terms of the adsorption energy defined
as [Eq. (1)]:

Eads = EDA—Surf_ESurf_EDA (1)

In this expression, Ep, s, is the total energy of DA-G or DA-GV
systems, Ep, is the energy of the isolated DA molecule, and Eq; is
the total energy of the clean DA-G or DA-GV systems. In this way,
negative values for E,q4, correspond to exothermic processes.

The analysis of charge reorganization due to adsorption was ac-
complished by calculating the electronic charge density difference,
Ap, produced as a consequence of the adsorption process. This
electronic property can be expressed as [Eq. (2)]:

AP = Poa-—surt—Lsurt—OpA (2)

where ppasut in the charge density of the total DA-G or DA-GV
systems, ps,¢ is the charge density of the graphene substrate and
Ppa is the density of the DA molecule, the latter two charge densi-
ties were calculated as isolated fragments but with the same ge-
ometry as for DA adsorbed on graphene or GV surfaces. The elec-
tronic structure was analyzed by computing the PDOS on selected
atoms of the adsorbate and substrate. For that purpose, a grid of
11x11x1 k-points was used.

The noncovalent interactions between adsorbate and substrate
were analyzed by means of the NCL¥' as implemented in the
latest version of Critic code.® The NCI is based on a 2D plot of the
reduced density gradient, s, and the electron density, p, where
(Eq. 3)]:

T Vel

T @y o7 ®)

If noncovalent interactions are present in a system, steep peaks
appear at low densities in this 2D plot. However, the sign and
magnitude of 1,, the second-largest eigenvalue of the electron-
density Hessian matrix, allows the nature of this interaction to be
known. Then, the 3D plotting of sign (4,)o on an isosurface of the
reduced density gradient allows regions of different noncovalent
nature to be defined. The plotting of 3D isosurfaces for the Ap
function was performed using the VESTA3 code®” and the VMD
code was used for the NCI.*?

Regarding the calculations to evaluate the solvent effect, the PBE
functional®” and the polarized continuum model (PCM)®® were
used with the 6-31+ +G(d,p) basis set as implemented in the
Gaussian 03 package.®
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of dopamine on perfect graphene in- 5 ﬂoge%“)

volves noncovalent interactions of m-nt ; o6 96 26 06. o8 64 HE-EE

and CH--m character, according to the Noncovalent Interactions between
adsorption mode, as well as electron ; Dopamine and Regular and Defective

graphene with monovacancies, a hydro-
gen bond is formed involving a hydroxy
group of dopamine and a carbon atom

of the vacancy in the AB stacking mode.

drift from substrate to adsorbate. On J‘. Graphene
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